Abstract: Solutions of salicyclic, ascorbic, and citric acids were reacted with boric acid, followed by NaH 2 PO 4 . The products, triphosphateborate ester of salicylic acid (1), orthosphateborate ester of ascorbic acid (2), triphosphateborate ester of ascorbic acid (3), and orthosphateborate ester of citric acid (4), were flash precipitated with cold acetone and characterised by microanalysis, thermal analysis, FT-IR, Raman, 11 B NMR, 31 P MAS NMR, and mass spectroscopic
Introduction
The question of how biological life emerged from inorganic matter through natural processes and the role of inorganic ions in the synthesis of simple organic molecules have been the subject of several hypotheses and laboratory studies.
1,2 Commonly accepted models for the prebiotic world emphasise the requirement of negatively charged ions such as carbonate, cyanide, ferrocyanide, phosphate, sulphide, and sulphite as sources of biomolecules. 3, 4 Among these anionic species, phosphate ions are of particular importance in the prebiotic synthesis of products containing one or more phosphate groups able to oligomerise to sugar phosphates and further polymerise to RNA molecules. 5 Selective concentration of phosphate species, stabilisation of ribose, and catalytic synthesis of organic molecules under prebiotic conditions most likely proceeded over reactive surfaces of the rocks and minerals present in the oceans. It has been suggested that borate minerals could have played a crucial role by stabilising the cyclic ribose during RNA synthesis. 6−8 A potential and catalytic role of boric acid in peptide and nucleic acid synthesis 9 and stabilisation of sugar molecules by acting as a complexing agent 10, 11 have been demonstrated. Recently, thermal condensation of formamide in the presence of borate minerals has been shown to form nucleic acid precursors. 12 Holm et al. 13 proposed that brucite mineral (solid Mg(OH) 2 ) may scavenge borate and phosphate from sea water. Brucite with adsorbed phosphate may catalyse the synthesis of pyrophosphate from orthophosphate, high pH conditions promote the abiotic formation of ribose, and ribose can be stabilised by borate leaving available positions for phosphorylation.
Stimulated by the above-mentioned prebiotic scenarios, we explored the possibility of binding organic molecules to phosphate groups through borate ester linkages in aqueous solutions. Both boric acid and phosphoric acid are known to form ester structures with organic molecules through condensation reactions. Compounds containing B-O-P fragments prepared from boranes with phosphoric acid derivatives have been reported.
14 However, B-O-P bonding in aqueous media is limited to borophosphate formation in hydrothermal conditions, 15−18 to the best of the authors' knowledge. In this paper, we present evidence that such compounds are formed in solutions containing boric acid, NaH 2 PO 4 , and carboxylic acid derivatives. Salicylic acid was chosen as the probe molecule for reaction optimisation because of its well-defined esterification sites with boron 19,20 phosphorus. 21 The knowledge obtained with salicylic acid was then utilised in reactions with other carboxylic acids in order to obtain more information about the general applicability of the method. Our attention was drawn to ascorbic acid (a sugar acid with the same furanose ring as ribose) and citric acid (an important intermediate in the citric acid cycle), expecting further support for the formation of -C-O-B-O-Plinkages in aqueous solutions with carboxylic acid derivatives of biochemical importance.
Results and discussion
The experimental strategy was based on the formation of borate monoester of the biomolecule first, which undergoes further condensation with the added dihydrogenphosphate (Scheme 1). Because borate formation is reversible, H 3 BO 3 was added in solid form to avoid confusion between interacting trigonal and tetrahedral boron species. No pH adjustment was made as the measured pH (≤5) of the mixture throughout the reaction course was optimal for complexation of boric acid with hydroxycarboxylic acids, according to the rules formulated by
Van Duin et al.
22
Chemical and thermogravimetric analysis data allowed the proposal of formulae for the compounds with salicylic (1), ascorbic (2 and 3), and citric acids (4) (Figure 1 ). Although the products were obtained by flash precipitation from aqueous solutions, the chemical compositions and hydrate water contents were shown to be in good agreement with the experimental values. The spectral data that will be discussed hereafter suggested the presence of linear B-O-(PO 3 Na) n linkages in the products, with n increasing with the employed phosphate ratio in the preparation step. The length of the phosphate chain increased with the amount of NaH 2 PO 4 added to the reaction medium or conducting the reactions in high amounts of water. In such cases, no further detailed characterisation was performed as the products containing a higher degree of phosphate polymerisation likely consist of mixtures with variable chain lengths. The phosphorus atoms in the products were defined according to the common classification for nonequivalent phosphorus atoms in polyphosphates. 24−26 The has been observed in the Raman spectra of some borophosphate glasses. 26, 31 The bands at 1167 cm −1 and 590 cm −1 were assigned to Q 2 ν s (PO 2 ) and to the bending modes of the orthophosphate groups, respectively. These P-O bands referring to nonbridging PO 2 groups were relatively weak as generally reported for borophosphate compounds.
32 Figure 3 shows the 31 P MAS-NMR spectrum of 1. The observed fragmentation sequences in the mass spectrum of 1 correlated with the pathways suggested in Scheme 2. Considering trisodium-triphosphateborate ester of salicylic acid as the precursor ion ( Thermal stability of 1 was examined by recording the TGA curve in the range 25-800
• C. The observed thermogravimetric behaviour was the same as reported for borate esters of salicylic acid, 19, 20 proceeding in the following order: removal of crystal water molecules at low temperatures, intramolecular water elimination at ca. 175
• C, and finally degradation of the organic group around 400 • C. 1 displayed a higher thermal stability with respect to pure salicylic acid for which the decomposition onset temperature was recorded as 110
Salicylic acid forms a 6-membered ring with boric acid that not only enhances the thermal stability but also the hydrolytic stability of the ester structure. 
Phosphateborate esters of ascorbic acid
Ascorbic acid is a sugar acid with a cis-enediol group on the sugar ring and adjacent alcoholic hydroxy groups on the side chain available for complex formation with boric acid. Based on a similar chemistry to the salicyclic acid system, the proposed structures for the products (details of preparation of 2 and 3 are given in the experimental part) of the ascorbic acid-boric acid-sodium dihydrogenphosphate system are given in Figure 1 . 2 was assigned as an orthophosphate and 3 as a triphosphate.
The FTIR spectra of 2 and 3, together with that of sodium ascorbatoborate, 11 are shown in Figure 5 .
Broadening and small peak shifts were observed in the spectrum of sodium ascorbatoborate in the region 1300-800 cm −1 due to overlapping ν a (B-O), ν a (P-O), ν s (P-O), ascorbate ring modes, and B-O-P vibrations, when a single phosphate group was linked to borate. P-O bands intensified, B-O bands weakened, and ν a (P-O-P) appeared at 964 cm −1 on moving from orthophosphate (2) to the triphosphate (3). 44, 45 The Raman spectrum of 2 ( Figure 2 ) was also in agreement with the structure proposed in Figure 1 . The absence of the Q 2 band at 1167 cm −1 indicated that no P-O-P bonding was present. The broad band at 613 cm −1 and the new band at 744 cm −1 can be assigned to B-O-P vibrations 31, 46 and those of the 5-membered borate ring, respectively.
30
The other bands observed at ∼920 cm −1 and 1889 cm −1 were assigned to ν a (PO 3 ) (Q 1 ) and C=O stretching of ascorbic acid.
47
The 31 P MAS NMR spectra shown in Figure 6 displayed a Q Figure 7 shows the 11 B NMR spectra of 2 and 3 in D 2 O. The spectra revealed that 3 types of boron species were present in the solutions. The strong peak at δ ≈ 19 is due to boric acid resulting from the hydrolysis of the compounds. The weaker signal at ∼6 ppm is characteristic for B 4 of 5-membered mono-chelate rings 41, 42 and is normally expected for the undissociated compound. The third signal at ∼10 ppm, however, refers to B 4 of 5-membered bis-chelate rings. 41,48−53 A plausible explanation for the existence of this peak would be the formation of a bis-chelate structure between borate and the side chain OH groups of ascorbate while the phosphate group undergoes hydrolytic cleavage. B 3 :B 4 peak area ratio slightly increased on going from 2 to 3 due to the increasing tendency for hydrolysis with a longer phosphate chain. Phosphate binding to borate did not cause any effect on the 13 C MAS NMR signals of 2 and 3.
The spectral pattern and the chemical shift values were nearly the same as previously reported for sodium ascorbatoborate.
11 DP mass spectra showed a series of principal ions consistent with the formulae proposed in 2 and 3 displayed thermal decomposition behaviour similar to that recorded for 1 and both melted with decomposition over a large temperature range. 2 was found to be more stable with a higher decomposition onset temperature (ca. 250
• C) than that of 3 (ca. 200 • C).
Phosphateborate ester of citric acid
Citric acid is an α -hydroxycarboxylic acid and forms a 5-membered ring with boron using its central carboxylate and α -hydroxy oxygens. 54 Figure 1 represents the proposed structure of the phosphateborate ester of citric acid, based on analytical, spectroscopic, and thermal data. The arguments about the formation of orthophosphate structure for 2 may all apply for 4 on steric grounds.
The FTIR, 31 P MAS NMR, and 11 B NMR spectra of 4 displayed similar characteristics as noted for as reported for sodium citratoborate. 55, 56 Modifications were observed in the region 1200-1000 cm −1 due to the incorporation of phosphate into the structure. In this region, individual assignment of the overlapping ν a (B-O), ν a (P-O), and ν s (P-O) bands was difficult; however, the new peak appearing at 958 cm −1 would be assigned to B-O-P vibrations. The Q 2 band was absent in the Raman spectrum (Figure 2 ), indicating that that no P-O-P bonding is present. The band at ca. 650 cm −1 and the new band at 743 cm −1 may be respectively assigned to B-O-P vibrations 31, 46 and those of the 5-membered borate ring. 30 The other peaks observed referred to characteristic Raman signals of citric acid. 47 The 31 P MAS NMR and 11 B NMR spectra displayed similar patterns as recorded for 2 with small changes in the chemical shift values due to the structural differences between ascorbic and citric acids. The DP mass spectrum of 4 was consistent with its formulation.
Conclusions
Possible formation of -C-O-B-O-P-linkages in aqueous media was examined by adding orthophosphate to solutions of boric acid and carboxylic acid functionalised biomolecules. Species containing ortho-to triphosphate groups attached to the borate esters of salicylic, ascorbic, and citric acids were obtained and structurally defined by FTIR, Raman, and NMR studies.
The length of the phosphate chain increased nonlinearly with the amount of NaH 2 PO 4 employed in the condensation reactions, due to the water-buffered concentration of phosphate species (ortho-, pyro-, or tripolyphosphate) present in the reaction medium. 57 Steric properties of the biomolecule and the nature of the borate chelate could have also played a prominent role in influencing the size of the attached phosphate groups. Orthophosphate structures were obtained with ascorbic and citric acids, which both form 5-membered borate rings and involve side chains that impose steric effects on the attached phosphate group. Salicylic acid, on the other hand, gave a triphosphate product with equimolar reactants, experiencing a less steric repulsion with the planar organic molecule through a 6-membered borate chelate.
The compounds were thermally stable but underwent hydrolytic cleavage in water via disruption of the B-O-P linkages first, followed by the slower hydrolysis of C-O-B linkages as verified by 11 B NMR studies.
While no details of the mechanism are yet available to us, the model studies presented here with carboxylic acids indicate that formation of -C-O-B-O-P-linkages in water can occur under simple conditions. The results suggest a possible role for boron in linking biomolecules to inorganic phosphate providing that the appropriate concentration and pH requirements are established.
Experimental studies

General
The reagents salicylic acid (C 7 H 6 O 3 , Merck), sodium ascorbate (NaC 6 H 7 O 6 , Merck), citric acid (C 6 H 8 O 7 , Sigma), NaHCO 3 (Merck), H 3 BO 3 (Merck), NaH 2 PO 4 .2H 2 O (Merck), and acetone (Riedel-Haen) were used as received. All experiments were performed in deionised water. Inert reaction conditions and deoxygenated water were employed in experiments with ascorbic acid. C and H contents were determined by a CHNS-932 LECO model analytical instrument. Boron contents were determined by carminic acid method; 58 phosphate analyses were carried out by a DIONEX-ICS-100 model ion chromatograph and sodium analyses by a Jenway PFP:7 flame photometer. Crystal water determination and thermal analyses (thermogravimetric analysis (TGA) and differential thermal analysis (DTA)) were performed by the Shimadzu DTG-60H system, in a dynamic nitrogen atmosphere (15 mL/min), at a heating rate of 10 • C/min, in platinum sample vessels with reference to 
Reaction conditions
Borate monoesters were prepared in situ by adding solid H 3 BO 3 to the solutions containing the metal salt of the respective acid in a 1:1 molar ratio, as described previously. 11, 19, 20, 54 After complete dissolution of H 3 BO 3 was achieved, NaH 2 PO 4 .2H 2 O was added to the solution containing the mono-ester of the bio-acid. The mixture was gently heated and stirred in a rotary evaporator until complete dissolution. The solution was then concentrated to a syrup into which cold acetone was added. The solidified white product was separated, washed with acetone, and dried in a vacuum desiccator. Employing sodium salicylate (8.0 g, 0.05 mol), boric acid (3.1 g, 0.05 mol), and NaH 2 PO 4 ·2H 2 O (7.8 g, 0.05 mol) (1) in 250 mL of water was helpful for product solidification and separation with quantitative yields. The experiments with ascorbic acid were continued with the same conditions employed for 1 (2) and by employing a higher amount of NaH 2 PO 4 ·2H 2 O (23.5 g, 0.15 mol) (3), with citric acid (4) as for 1, after converting the acids into their corresponding mono sodium salts. All the products were obtained as white hygroscopic powders with high solubility in water.
Characterisation data
Schematic structures for 1-4 are shown in Figure 1 ; experimental data for them are given below. 
